The perirhinal (PER) and lateral entorhinal (LEC) cortex form an anatomical link between the neocortex and the hippocampus. However, neocortical activity is transmitted through the PER and LEC to the hippocampus with a low probability, suggesting the involvement of the inhibitory net- 
in reliable transmission of neocortical synaptic input, implying a role for GABAergic interneurons in controlling relay of activity in the PER-LEC network (Koganezawa et al., 2008; Willems et al., 2016) .
Previous studies also showed that a stimulus in the local PER-LEC network evoked inhibitory as well as excitatory responses, whereas a distal stimulus resulted mainly in excitation (Biella, Uva, & Curtis, 2001; Martina, Royer, & Par e, 2001 ). This suggests that inhibition is mainly recruited in the local circuitry (Unal, Pare, Smith, & Pare, 2013 ). An ultrastructural study revealed that the GABAergic neurons are presumably organized in a feedforward manner (Pinto, Fuentes, & Par e, 2006) . The origin of the functional inhibition in the PER-LEC network is still needs to be determined.
Potential candidates for efficient inhibitory control of principal neurons are parvalbumin positive (PV) interneurons (Pfeffer, Xue, He, Huang, & Scanziani, 2013) . This interneuron type is present in all layers of the PER and even more abundantly in the LEC (Wouterlood, Härtig, Br€ uckner, & Witter, 1995) . PV interneurons are known for their highfrequency firing capabilities and they project onto the axo-somatic region of principal neurons. Hence, PV interneurons are capable of strongly regulating principal neuron output by shaping oscillatory activity (Cunningham et al., 2006; Sohal, Zhang, Yizhar, & Deisseroth, 2009 ).
Loss of inhibition in the PER-LEC is associated with pathologies involving hyperexcitability such as temporal lobe epilepsy and psychiatric illness (Cunningham et al., 2006; Kumar & Buckmaster, 2006) . Furthermore, PV interneuron numbers decrease tremendously in the PER of epileptic rats (Biagini et al., 2013) and PV interneuron activation can terminate epileptic activity in the mouse model for epilepsy (Assaf & Schiller, 2016) .
This study investigated whether the interplay between principal neurons and PV interneurons performs a role in processing of synaptic input to the deep layers of the PER-LEC network. We examined the stimulus evoked synaptic input and action potential firing patterns in principal neurons and PV interneurons to address the functional output of the PER-LEC network once synaptic input is processed in the local circuitry.
| M A TE RI A L S A ND M E TH ODS

| Animals
Experiments were performed on 22 male and female C57Bl/6 mice (Harlan Netherlands BV, Horst) and 18 male and female Pvalb tm1(cre)Arbr (Hippenmeyer et al., 2005 )/Gt(ROSA)26Sor tm1(EYFP)Cos (Srinivas et al., 2001 ) (PV/YFP) transgenic mice. Experiments to confirm the reversal potential for fast, chloride mediated inhibition were performed on 4 
| Slice preparation
Animals were killed by decapitation, whereafter the brain was rapidly removed and stored in ice-cold modified artificial cerebrospinal fluid (mACSF) containing (in mM): 120 choline chloride, 3.5 KCl, 5 MgSO 4 , 1.25 NaH 2 PO 4 , .5 CaCl 2 , 25 NaHCO 3 , 10 D-glucose (pH 7.4, 300-315 mOsmol), oxygenated with 95% O 2 /5% CO 2 for at least 30 min. Horizontal slices (400 mm thick) containing the neocortical AiP, PER, and LEC ( Figure 1e ) (Willems et al., 2016) were cut in ice-cold mACSF using a VT1200S vibratome (Leica Biosystems, Nussloch, Germany). Functional projections from the AiP to the PER and EC are present in this slice preparation (von Bohlen und Halbach & Albrecht, 2002; Mathiasen et al., 2015; Willems et al., 2016) . After sectioning, slices were incubated in ACSF containing (in mM): 120 NaCl, 3.5 KCl, 1.3 MgSO 4 , 1.25
NaH 2 PO 4 , 2.5 CaCl 2 , 25 NaHCO 3 , 10 D-glucose, oxygenated with 95% O 2 /5% CO 2 (pH 7.4, 300-315 mOsmol) at 32 8C for 15 min, thereafter slices were kept at room temperature until the recording started.
| Whole cell recordings in principal neurons
In total 81 principal neurons were recorded in the PER and LEC deep layers. The localization of the PER and LEC in our slice preparation was based on the mouse brain atlas (Paxinos & Franklin, 2001) . Patch pipettes were pulled using micropipette puller model P-87 (Sutter Instrument, Novato, CA) and had a resistance of 3-5 MX. Whole-cell recordings were performed using an intracellular solution containing (in 8C at a rate of 2 mL/min. Deep layer PER and LEC principal neurons were selected based on large soma size using a Scientifica SliceScope
Pro 6000 (Scientifica, Uckfield, UK). Whole-cell recordings were made using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), filtered at 10 kHz, sampled at 100 kHz and digitized using a NI DAQ usb-6259 (National Instruments, Austin, TX). Software for dataacquisition was custom made in MatLab (MathWorks, Natick, MA). All voltage signals were corrected online for a 214 mV junction potential.
Principal neurons were approached with slight pressure on the pipette and when pressure was released the pipet-cell contact had to reach a seal of 1 GX before break in. Immediately after break in, the resting membrane potential was recorded in current clamp at a 0 pA holding current. Access resistance was compensated for at least 50-60% and recordings with an access resistance higher than 20 MX or with more than 25% change during the recording were discarded.
In some experiments, the glutamatergic transmission was blocked by bath application of 20 mM AMPA receptor antagonist CNQX (Abcam, Cambridge, UK) and 10 mM NMDA receptor antagonist APV (Tocris, Bristol, UK). All other chemicals were obtained from SigmaAldrich (Saint-Louis, MO).
| Electrical stimulation
For electrical stimulation, a bipolar tungsten stimulus electrode (World Precision Instruments, Sarasota, FL) with a tip separation of 125 mm was placed under visual guidance in the superficial layers of the AiP. A single bi-phasic stimulus pulse (160 ms/phase) was applied using a DS4 bi-phasic current stimulator (Digitimer Ltd, Hertfordshire, UK).
| Data analysis
The response latency, defined as the onset of an EPSC, EPSP or an excitatory or inhibitory conductance, was determined as the time difference between the stimulus and the point where the signal exceeded 8 times the baseline standard deviation, within 75 ms after the stimulus was applied. If a response latency was detected the peak and the half width of the response were determined. The peak of the response was characterized as the maximum amplitude after the onset latency and the half width was defined as the time between the point where the response crosses the 50% of the maximum response before and after the peak.
The peak and peak time of the action potentials was determined using Matlab (peakdet function), to address the presence and rate of action potential firing.
| Decomposition of stimulus evoked synaptic currents
The evoked synaptic response in a neuron contains components that originate from excitatory and inhibitory synapses. As blocking some of these components with pharmaceuticals will affect all responses in the network, we linearly decomposed the current into two underlying components that have a different reversal potential. The postsynaptic cell was clamped at potentials between 290 mV and 250 mV, while evoking the same, voltage-independent, synaptic conductance (see inset in Figure 3b ,c). After subtraction of the stimulus independent background current, this results in a membrane current that contains the excitatory synaptic current and the inhibitory synaptic current:
These currents are the result of the excitatory and the inhibitory synaptic conductances (G exc (t) and G inh (t)) and their respective driving forces, being the differences between membrane voltage V m and the excitation and inhibition reversal potentials (E exc and E inh ):
The instantaneous relation between membrane current and membrane can, at each moment in time, be summarized by: 
The last equation is the linear I/V relation I m 5 a * V m 1 b, which can be calculated at each moment in time and from which the time varying conductances can now be constructed: evoking action potentials in the principal neuron at reproducible random moments using a frozen noise current injection (Zeldenrust, Chameau, & Wadman, 2013) and recording unitary excitatory postsynaptic currents (uEPSCs) in the PV interneurons clamped at 270 mV ( Figure   6a ). We strived to induce a firing rate of 1-2 Hz in the principal neuron.
The reversed configuration was used to establish PV to principal neuron connectivity, holding the principal cell at 250 mV to record unitary inhibitory postsynaptic currents (uIPSCs; Figure 6b ).
Next, we addressed the stimulus-evoked synaptic current in voltage clamp (-70 mV) and action potential firing in current clamp in response to AiP stimulation in both principal neuron and PV interneuron. The maximum stimulus intensity was 836 6 43 mA, we adjusted the stimulation strength on the response of the principal neuron. Subsequently, evoked synaptic currents were recorded at five holding potentials (-90 to 250 mV) in the principal neuron and PV firing was recorded in current clamp at the same time to compare the estimated evoked inhibitory conductance in the principal neuron to the spiking of PV neurons. 
| Histology
| Statistics
All values are reported as mean and standard error of the mean (SEM).
Statistical analysis was performed using Matlab or Prism 6 (Graphpad Software Inc., La Jolla, CA). Unless otherwise mentioned, pairwise comparisons were made using Student's t-test; multiple comparisons were performed using ANOVA with the appropriate post hoc tests and correlations were analyzed using linear regression. p < .05 was assumed to reject the null hypothesis. This led to the probability of the AiP stimulus evoking an action potential in spiking neurons of .78 6 .07. Frequency last AP (Hz) 7.9 6 .4 8.7 6 .9 10.4 6 1.6 33.8 6 2.6
All values are mean 6 SEM. All values are measured at the current step above threshold. a AHP amplitude is measured from threshold to maximal afterhyperpolarization. b Frequency is determined as the inverse of the first interspike interval or last interspikeinterval.
Abbreviations: RS 5 regular spiking; LS 5 late spiking; BF 5 burst firing; PV 5 parvalbumin; RMP 5 resting membrane potential; AP 5 action potential; AHP 5 afterhyperpolarization.
| Synaptic input onto deep layer principal neurons is composed of a small excitatory and a larger inhibitory conductance
Since the deep layer principal neurons rarely emitted action potentials in response to a synaptic input, we hypothesized that the inhibitionexcitation balance was in favor of inhibition and aimed to address the relation between the stimulus-evoked inhibition and excitation. The synaptic currents recorded at 4-5 holding potentials ranging from 290
to 250 mV in response to 50% and 100% of the maximum stimulus intensity (Figure 3b ,c, insets) were used to estimate the synaptic conductance changes (Figure 3b AiP at the intensity evoking the half maximum response (50% intensity, Figure 3b -f). We found that both excitation and inhibition had a slightly longer latency (latency exc 5 8.2 6 .4 ms p < .0001, latency inh 5 12.5 6 .9 ms, p < .001), lower peak amplitude (peak exc 5 2.1 6 .3 nS p < .001, peak inh 5 5.2 6 .9 nS p < .0001), and a comparable half width (half width exc 5 16.5 6 2.0 ms, half width inh 5 23.5 6 3.4 ms) compared to responses evoked at maximum stimulus intensity.
To address whether the delay between the recruitment of excitation and inhibition was different along the rostro-caudal axis of the PER and LEC, we tested whether the difference between the latency of the G exc and G inh changed with the distance from the stimulus electrode ( Figure 3g ). We found that there was no relation between the latency difference of the G exc and G inh and the distance (average delay was 3.3 6 .4 ms; regression analysis n.s., Figure 3g ), indicating that the delay between excitation and inhibition does not depend on conduction velocity from the stimulus to the site of recording, which led to the hypothesis that G inh is likely recruited in the local PER and LEC network.
| AiP evoked fast inhibition is recruited in the local per-LEC network
The latency of the inhibitory conductance we recorded in principal neurons was relatively short, which could imply the presence of direct, interneuron types, present in the local PER and LEC network (Barinka et al., 2012; Wouterlood et al., 1995) and make synaptic contacts onto the axosomatic region of principal neurons (Klausberger & Somogyi, 2008; Kubota, Karube, Nomura, & Kawaguchi, 2016; Markram et al., 2004) . PV interneurons are capable of high frequency firing on depolarization (Figure 1d ), and can, therefore, exhibit strong inhibitory action onto principal neurons (Pfeffer et al., 2013) . This led to the hypothesis that PV interneurons could well be strongly recruited by the AiP input, to account for the large, locally activated, inhibitory conductance ( The standard deviation of the latency of the first evoked spike in all three consecutive repetitions in response to AiP stimulation was used as an indicator for the spike jitter and was 1.0 6 .6 ms, suggesting a very reproducible recruitment of PV interneurons directly after synaptic input is received. Although the peak of the evoked response decreased with distance along the PER-LEC rostro-caudal axis, the average frequency of the evoked firing in PV interneurons was not related to distance (regression analysis n.s.; Figure 5f ). A subset of PV interneurons (4/31) persistently continued firing after the stimulus (Figure 5g ,h) indicating that PV interneurons are strongly recruited in the PER and LEC network and can therefore exhibit strong inhibitory control onto deep layer principal neuron activity.
| Connectivity between local PV interneurons and principal neurons
Since local PV interneurons strongly respond to AiP synaptic input ( Fig The success probability of a spike evoking a uEPSC (gray) and uIPSC (black) in the connected pairs, showing a larger success rate for PV interneuron spikes evoking a uIPSC than principal neurons evoking a uEPSC (* indicates p < .05). Abbreviations: IPSC, inhibitory postsynaptic current; EPSC, excitatory postsynaptic current recorded PV-principle neuron pairs. We compared the peak latency of the first PV spike to the G inh onset latency in the simultaneously recorded principal neuron in response to an AiP stimulus (Figure 7e ).
We found that the latency of the G inh and the latency of the first evoked PV spike were not different (Figure 7f ; Wilcoxon signed rank test n.s., n 5 9 pairs). Additionally, the number of emitted spikes in the PV neuron strongly correlated with the peak G inh in the simultaneously recorded principal neuron (Figure 7g ; R 2 5 .84, p < .0001, n 5 14 pairs),
indicating that the number of spikes in the PV interneuron predicts the amount of inhibition in the simultaneously recorded principal neuron.
To get an indication of the necessary inhibitory input onto principal neurons in response to AiP stimulation, we estimated which inhibitory spike pattern was needed to reconstruct the recorded G inh in principal shows examples of six typical PV spike patterns. We assumed that the 83 recorded spike patterns describe a representative set of PV interneurons, which characteristically responded to the synaptic input.
Next, the predicted G inh evoked by these 83 spike patterns were calculated using the standard uG inh (examples are shown in Figure 8b 
| Three per-LEC principal neuron types and their evoked synaptic input
We recorded principal neurons in the deep layers of the PER-LEC network because the LEC deep layers are considered to play a significant role in gating activity transmission, likely regulated by the inhibitory circuitry (Koganezawa et al., 2008; Willems et al., 2016) . Examination of the intrinsic properties like the hyperpolarization-induced sag and firing properties of these deep layer principal neurons revealed three subtypes, that is, RS, LS, and BF neurons in mouse brain slices, which are comparable with the assumed excitatory, glutamate containing neurons in rats (Faulkner & Brown, 1999; Moyer, McNay, & Brown, 2002; Somogyi, Tam as, Lujan, & Buhl, 1998) and guinea pigs (Martina et al., 2001 ).
Superficial AiP stimulation evoked synaptic responses in both PER and LEC deep layer principal neurons. The three subclasses responded similarly to AiP stimulation, as the latency and peak amplitude did not differ and all types refrained from action potential firing. This phenomenon might depend on the stimulated afferent, as seen in the piriform cortex, where BF and RS neurons respond similarly to layer Ib, but differentially to lateral olfactory tract input (Suzuki & Bekkers, 2006) . Our data suggest that synaptic input from the AiP to PER-LEC deep layer neurons is not principal neuron subtype specific. It is, however, still possible that these neuronal subtypes react differently to the same synaptic input when the membrane potential is around firing threshold, as a result of their different intrinsic properties. Since the evoked EPSP almost never induced action potential firing in these experiments, the three subtypes of principal neurons were pooled.
The latency of the synaptic input in principal neurons gradually increased with the distance from the stimulation electrode, comparable with findings of Biella et al. (2001) and Unal, Apergis-Schoute, and Par e (2012). The synaptic input is shown to be both mono and polysynaptic in deep layer PER and LEC neurons (Burwell & Amaral, 1998a; Deacon, Eichenbaum, Rosenberg, & Eckmann, 1983; Unal et al., 2013; de Villers-Sidani, Tahvildari, & Alonso, 2004) . A combination of conduction velocity, distance, and polysynaptically transmitted activity can explain the increasing latency of synaptic responses in neurons situated more caudal in the PER-LEC network. The polysynaptic response in the LEC could originate from PER neurons projecting to the apical dendrites of LEC deep layer neurons (Biella et al., 2002; Burwell & Amaral, 1998b; de Villers-Sidani et al., 2004) . Both the peak EPSC and EPSP in principal neurons were not related to distance along the rostro-caudal axis, suggesting no difference between PER and LEC excitation. This finding is in line with Mathiasen et al. (2015) who did a tracing study showing that the neocortical AiP is a presynaptic target of both deep layer PER and deep layer LEC neurons in the rat.
| Output of principal neurons and PV interneurons
Although 89% of the recorded principal neurons received synaptic input, only 6% (3 out of 51) of them spiked, while 61% (31 out of 51) of the PV neurons fired after AiP stimulation in this horizontal mouse brain preparation. Pelletier et al. (2004) found percentages of firing neurons in the deep layers of the PER (40%) and the EC (1.4%) in vivo.
These results together suggest that superficial layer AiP can evoke synaptic activity in deep layer PER and LEC principal neurons, but this activity is not transmitted from the LEC to the postsynaptic targets (Biella et al., 2002) . However, since the brain consists of approximately 80% excitatory neurons and 20% inhibitory neurons (Markram et al., 2004) , this small percentage of firing principal neurons might be effective. If we take an example population of 1,000 neurons, there will be 800 principal neurons and 200 interneurons. We found 6% firing principal neurons, resulting in 48 (800*.06) firing principal neurons, and 61% firing PV interneurons, leading to 122 PV interneurons firing action potentials in response to an input in our example population.
This finding supports the sparse coding strategy, which assumes that only a small portion of the cortical principal neurons fire in a certain event, responsible for information transfer in the EC-hippocampal circuitry (Mizuseki & Buzs aki, 2013) and this balance might be critical to maintain a self-organized and controlled activity in large scale networks. Furthermore, computer models showed that a small portion of firing excitatory neurons with strong synaptic weights can be sufficient to have ongoing network activity (Ikegaya et al., 2013) .
| AiP recruits feedforward inhibition
The low firing probability of principal neurons in response to synaptic input could be due to a marginal excitatory input or a massive inhibition. We found that AiP stimulation evoked a larger inhibitory than excitatory conductance in the PER-LEC deep layer principal neurons, suggesting more GABA A than glutamate receptor activation at principal neuron postsynapses. This phenomenon is not necessarily surprising since a larger inhibitory synaptic conductance than excitatory conductance can lead to balanced inhibitory and excitatory synaptic currents, due to a smaller driving force for inhibition than for excitation (Puzerey & Gal an, 2014) . However, the short latency difference between the excitatory and inhibitory conductance and especially the larger, longer lasting inhibitory conductance could prevent firing of deep layer principal neurons once they are depolarized.
It has been previously shown that stimulation of the temporal neocortex in brain slices of guinea pigs evoked a pure excitatory response when the recording electrode was more than 1 mm away from the stimulus electrode, while more closely situated neurons showed a sequence of excitatory and inhibitory potentials (Martina et al., 2001 ).
In contrast, in this study we find both excitatory and inhibitory evoked components recruited in the same fashion along the rostro-caudal extent of the PER and LEC network. This indicates that the AiP projections in mouse horizontal brain slices evoke both excitation and inhibition in the whole PER-LEC network.
A broad range of interneurons are defined, based on several characteristics like morphology, physiological, and connectional properties.
Good candidates for delivering strong inhibition on principal neurons are the PV expressing interneurons. These interneurons target the axosomatic region of neurons and therefore evoke large inhibitory currents in the postsynaptic neuron on firing (Jiang et al., 2015; Pfeffer et al., 2013) . The PV neurons received a larger evoked synaptic current than principal neurons, which can be due to the presence of larger or more surmise that the same fibers innervate both neuron types. We, therefore, propose that deep layer PV interneurons are recruited in a feedforward manner by the AiP synaptic input and substantially contribute to strong principal neuron inhibition in the PER and LEC network. This is supported by anatomical data showing a high incidence of excitatory projections from the PER to GABAergic neurons in the EC (Pinto et al., 2006) . However, since bidirectional connections between PV and principal neurons are found, it is still likely that PV neurons can also provide feedback inhibition if local principal neuron would fire.
| Functional relevance of feedforward inhibition in the per-LEC network
The recruitment of feedforward inhibition preventing deep layer principal neurons from firing can have two plausible functions: First, inhibition of activity in the deep layers in response to superficial neocortical input is in line with the general hypothesis that information travelling toward the hippocampus is mainly transmitted via the superficial layers of the PER-EC network (Ruth, Collier, & Routtenberg, 1988; Witter, 1993) and that the deep layers return the information from the hippocampus to the neocortical areas (Buzs aki, 1996; Canto, Wouterlood, & Witter, 2008) . We, therefore, hypothesize that this strong inhibitory response in the deep layers blocks the output pathway of the hippo- Kuchibhotla et al., 2016) and hippocampal long range inhibitory projections to the EC specifically target interneurons (Melzer et al., 2012) . Such mechanism would be useful to release the EC from a strong intrinsic inhibitory control, to regulate information transmission to the hippocampus.
Altogether, our study shows a strong recruitment of PV interneuron mediated inhibition in the deep layers of the PER and LEC network by the neocortical AiP. This inhibition is likely to play a key role in regulating selective transmission of information travelling to and coming from the hippocampus.
